Teleportation of qubit states through dissipative channels: 
Conditions for surpassing the no-cloning limit 
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We investigate quantum teleportation through dissipative channels and calculate teleportation 
fidelity as a function of damping rates. It is found that the average fidelity of teleportation and 
the range of states to be teleported depend on the type and rate of the damping in the channel. 
Using the fuUy entangled fraction, we derive two bounds on the damping rates of the channels: one 
is to beat the classical limit and the second is to guarantee the non-existence of any other copy 
with better fidelity. Effect of the initially distributed maximally entangled state on the process is 
presented; and the concurrence and the fully entangled fraction of the shared states are discussed. 
We intend to show that prior information on the dissipative channel and the range of qubit states 
to be teleported is helpful for the evaluation of the success of teleportation, where success is defined 
as surpassing the fidelity limit imposed by the fidelity of l-to-2 optimal cloning machine for the 
specific range of qubits. 

PACS numbers: 03.67.Hk, 03.65.Ud, 03.65.Ta 



I. INTRODUCTION 

The quantum state of a system can be transmitted 
from a location to a distant one using only classical in- 
formation provided that a quantum channel exists be- 
tween the sender and the receiver. Sharing entangled 
states between the two parties opens the necessary quan- 
tum channel . Research in quantum state transfer Q , 
especially the quantum teleportation Q , has emerged as 
one of the major research areas of theoretical and ex- 
perimental quantum mechanics. Various discussions and 
criteria have appeared about the evaluation of the state 
transfers under ideal and imperfect conditions In a 
perfect scheme, the shared entangled state is a maximally 
entangled state (MES) enabling perfect quantum state 
transfer. However, in practice, entanglement is suscepti- 
ble to local interactions with the environment, which can 
result in loss of coherence. In this article, we study the 
teleportation of qubits through damping channels. 

We consider quantum state transfer as an operation, 
such as cloning and teleportation, which beats the clas- 
sical limits on measurement and transmission. The re- 
semblance of two quantum states and the properties of 
quantum state transfer (teleportation and cloning) are 
quantified by the fidelity i^(IV'in)) = (?Ain|pout|V'in), which 
measures the overlap of the states jTAin) to be teleported 
(cloned) and the output state with the density operator 



Pout- 



A qubit state to be teleported \'ipi-D) = ol\Q) with 
^ = 1 can be represented on a Bloch sphere as 



IV-in) =cos(V2)e^^|0)+sin(V2)|l), 



(1) 



where 5 and 7 are the polar and azimuthal angles, re- 
spectively. Since this state is generally unknown, it is 
more appropriate to calculate the average of the fidelity 
F(|-0in)) over all possible states jV'in) to quantify the pro- 
cess. This average fidelity F = (■(/'in|pout|'0in) tSl] can be 
calculated as 



1 

47r 



^7 / d5F{5,^)s\n5, 
h) 



(2) 



* These authors have made equal contribution. 



where the An is the solid angle. 

The relation between the teleportation fidelity and the 
degree of entanglement shared by the parties has been 
studied by many researchers (e.g. in [sL H. Isl. IgI. ItL H. lol. [lol| 
and others cited in [l|) and it has been shown that (i) less 
entangled quantum channel reduces the fidelity and the 
range of states, which can be teleported Q, (u) for the 
standard teleportation scheme, the maximum attainable 
average fidelity is simply related to the fully entangled 
fraction of a bipartite entangled state , and (iii) some 
mixed states, which do not violate the Bell inequalities, 
can still be used for teleportation 5] . On the other hand, 
only a few studies are directed to the relation between the 
fidelity of teleportation and the type and strength of the 
damping in the quantum channel. That is the topic of 
the present study. 



According to the definition of teleportation as stated 
by Bennett et al. (sj, in the process of quantum telepor- 
tation, one can construct an exact rephca of the origi- 
nal unknown quantum state with the cost of destroying 
the original state. Therefore, to call a quantum state 
transfer operation as quantum teleportation, the process 
should not only generate output states with better qual- 
ities than what can be done classically but also obey the 
no-cloning theorem [11]. Defining a teleportation opera- 
tor C/toi, which can be implemented in a standard quan- 
turn cficuit (see, e.g., (H) with an input state 

Pin — Pa 

and a shared entangled state pent = Pb,c, the output state 
Pout is written as 

Pout = Trin,a[?7toiPin ® Pcnt?7tel]- (3) 

If the teleportation process is ideal then pout — Pin imply- 
ing a fidelity value of unity. However, in practical appli- 
cations, this is not the case due to the presence of noise 
which may be due to (i) noisy sources of pm and pent, 
(ii) noisy entanglement distribution channel, (iii) noisy 
measurements and unitary operators, and (iv) an eaves- 
dropper who attempts to clone pin- Since, in general one 
cannot be sure of which of the above are the reason, all 
the noise in the process should be attributed to an eaves- 
dropper in order to assess the security whenever quantum 
teleportation is to be used as a means of secure commu- 
nication. This assessment to quantify the process should 
be done according to the definition of the teleportation 
given above. That is, one should check to see whether 
F in Eq. ^ satisfies the conditions of (i) beating the 
classical limit, and (ii) obeying the no-cloning. 

The linearity of quantum mechanics forbids the ex- 
act cloning of an unknown quantum state, however, if 
one allows discrepancies between the original quantum 
state and its copy, then it is possible to devise a scheme 
that can produce clones and copies of a given unknown 
state with the highest resemblance to the original one 
[13I [T^ [Tsl . [iGj (for reviews see 0)- This is known as 
the optimal cloning, where with the increasing number 
of clones (copies), the resemblance to the original state 
decreases. It has been shown that for a state-independent 
universal cloning machine the relation between the opti- 
mum fidelity F of each copy and the number M of copies 
is given by F = (2M -I- 1)/(3M). In classical situations, 
one can make infinite number of copies (M —^oo) of a 
given state resulting in a fidelity F = 2/3, which is the 
best one can do with classical operations. On the other 
hand, when M = 2, the universal cloning machine has 
an optimum fidehty of F = 5/6 [H, El, [11, 13 ■ 

Combining the above information on teleportation and 
cloning, one can infer that a teleportation process beats 
the classical limit if F > 2/3, and obeys the no-cloning 
requirement if F > 5/6 If this is assured, 

then there is no any other copy of the output state with 
better fidelity, therefore, the teleportation process is se- 
cure. It is noteworthy that this is true if and only if the 
quantum state pin is completely unknown to the eaves- 
dropper. In some cases, pm may be prepared in a state 



that is selected from a known ensemble of states. If the 
eavesdropper has this a priori knowledge about pin, a 
state dependent doner which can perform better than 
the optimal universal one can be constructed. Thus, the 
fidelity constraint imposed on teleportation due to no- 
cloning condition will become much stricter. 

Quality of the shared entangled state is a good criterion 
to quantify the reliability of the quantum teleportation. 
Bennett et al. [l^ andjin general case, Horodecki et al. 
@[3 (for a review see [l|) have shown that for a shared 
bipartite entangled state pent to be useful for quantum 
teleportation, its fully entangled fraction /ont , defined by 

m 

/ent = max (^Ipontl^"), (4) 

must be greater than 1/2. In Eq. Q, maximum is taken 
over all MES I*!"). It has also been shown that, the maxi- 
mum achievable teleportation fidelity F is related to /ent 
by @ 



States with fcnt £ 1/2 cannot be used directly for tele- 
portation unless they are enhanced through filtering to 
satisfy /ent > 1/2. Choosing the boundary value of 
/ont = 1/2 gives a teleportation fidelity of F = 2/3 which 
is the boundary between classical and quantum state 
transfer. That is if /ont < 1/2 and hence F < 2/3, then 
the same operation can be done classically. According to 
this definition, if in a process F > 2/3 is achieved then 
it can be called quantum teleportation. On the other 
hand, the discussion on cloning in the former paragraphs 
implies that one can make infinite number of copies of 
a qubit with a fidelity of 2/3 which violates the original 
definition of quantum teleportation given by Bennett et 
al. [3] . Here again arises the question of achievable tele- 
portation fidelity, which guarantees better than classical 
teleportation and surpasses the no-cloning limit. 

The problem studied in this paper can be formulated as 
follows: Alice and Bob are far from each other, and they 
share an entangled quantum state pcn- The entangled 
state is prepared either by a third party, say Claire, and 
delivered to Alice and Bob (scenario 1: two-qubit affected 
scenario) or prepared by Alice and one of the qubits is 
sent to Bob and the other is kept with her (scenario 2: 
one-qubit affected scenario) as shown in Fig.[TJ The only 
manipulations that Alice and Bob are allowed to do is 
local quantum operations and classical communications. 
Now suppose that Alice wants to transfer the quantum 
state represented by the qubit state |-0in) to Bob and 
the entangled state is distributed through a dissipating 
channel. Then, how does the dissipation of the chan- 
nel affect the entanglement properties of the distributed 
entangled state, and hence what is its effect on the trans- 
ferred quantum state? What is the allowable amount of 
dissipation that does not affect the security of quantum 
state transfer? 
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FIG. 1: Teleportation scenario 1, where both qubits of pont 
are affected by the channel, and scenario 2, where only one 
of the qubits is affected. Quantum channel is formed by the 
shared entangled state. 



In this paper, we derive the damping rates of quantum 
channels at which a quantum state transfer that over- 
comes the classical counterpart can be realized. In the 
same way, conditions, which guarantee a secure quantum 
teleportation, are also derived. We study the effect of 
noise on the range of qubits that can be teleported accu- 
rately. The noisy channels, including amplitude damp- 
ing channel, phase damping channel and depolarizing 
channel, and the effects of these noisy channels on the 
distributed entanglement and teleportation process are 
studied in Sec. II and III. And finally. Sec. IV includes 
a brief summary and conclusion of this study. 



II. EFFECT OF DAMPING CHANNELS ON 
ENTANGLEMENT AND TELEPORTATION 



We consider the two scenarios shown in Fig. [T] In 
the first scenario, the qubits of the initial MES are dis- 
tributed through two channels, which may or may not 
have the same damping properties. On the other hand, 
in the second scenario, only one of the qubits of the ini- 
tial MES is distributed through the damping channel. In 
the following, we give analytical expressions, which show 
how a given state is affected when transmitted through 
noisy channels causing amplitude damping, phase damp- 
ing or depolarization. Initial MES that are considered in 
this study are the Bell states 



1^' 
10^ 



1 

1 



(|01)±|10)), 
(100) ± 111)). 



(6) 



We derive the bounds for the damping rate of the channel 
to satisfy the quantum teleportation conditions discussed 
in the previous section. In the following, we assume that 
there is no a priori information on pin, therefore the op- 
timal universal cloning machine which imposes F > 5/6 
is considered. 



A. Amplitude Damping Channel 

The evolution of environment (denoted by subscript e) 
and a system (subscript a or, equivalently, b) with the 
states |0) and |1) is defined by the following transforma- 
tion in the presence of the amplitude damping channel 
(ADC) 20]: 



|0)a|0)e |0)a|0)e 

|l)a|0)e ^ V9|l>a|0)e + ^/p|0)a|l) 



(7) 



where q = 1 — p. This transformation implies that a 
system with an excited state makes a transition to the 
ground state with a probability p and emits a photon to 
the environment which makes a transition to the excited 
state. When the system is initially in the ground state, 
there is no transition. 



Input Bell states IV'*) 



If both of the qubits in the Bell states are trans- 
mitted through an ADC (scenario 1), then using Eq. (O, 
we can write the state at the output of the channel as 



|^'^)afceie2 



V2 



[(V9^|01)ah± V9^|10)ah)|00)eie 



i^b\01)e,e, ± VP^|10)e,e.)|00)a6], (8) 



where we assumed that channels have different damping 
rates denoted by Pa, Pb and, for simplicity, we denote 
(7a = 1 - Pa, <?b = 1 - Pb- If we assume pa ^ pb ^ p and 
the environment is not monitored (unwatched channel), 
the shared state between Alice and Bob at the outputs 
of the channels can be found by tracing out the envi- 
ronment variables resulting in p^^^ = q\tp^)ab ab{'(p^\ + 
p|00)afc a&(00|. It is seen that the MES survives with a 
probability of q. On the other hand, if the environment 
is monitored, Alice and Bob proceed with the protocol if 
no photon is detected in the environment implying they 
have a MES, and they do nothing when photon is de- 
tected in the environment. 

If only one of the qubits (say, that for Bob) is sent 
through the channel (scenario 2), the damping in the 
channel affects only that part. If the channel is watched 
and no photon is detected in the environment, the state 
that is shared between Alice and Bob becomes 



\^^)ab 



1 



i±y/rb\01)ab+\lO)ab)- 



(9) 
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For an unwatched channel, the shared state is given as 

Pab^l[i^-Pb)\'^^)abab{^^\+Pbmababm]. (10) 

It is clearly seen that if only one qubit of the initial MES 
is sent through the ADC, the shared state between the 
parties is no longer a MES. 

Using Eq. ([5]), one can find that for scenario 1, the 
fully entangled fraction is [1] 



(11) 



if Pa > ^i<lb + ^1 + 2pb — 3pl) is satisfied, otherwise it 
becomes 



/ott,2 = ^(Pa+Pb)- 



(12) 



If we assume that both channels have the same damp- 
ing properties that is Pa — Pb — P, the fully entangled 
fraction is found as 



J ent 




if p < 2/3; 
if p > 2/3. 



(13) 



For scenario 2, where pa = 0, becomes — ji^ 
for all Pb- 



Imposing the condition /ent > 1/2, which assures that 
a quantum state operation beats the classical limit, gives 
the relation y/q^ + ^/qb > \/2 for scenario 1 S] ■ Taking 
Ph as a variable, it can be found that pa < 2{\/2 — 1) and 

t< Pa — 2 + 2^/2qa must be satisfied simultaneously 
. Similarly for the case Pa = Pb — P, one can find 
that classical limit can be beaten only when p < 1/2. 
For scenario 2, it can easily be shown that pb < 2{\/2 — 
1) must be satisfied. If the channels are watched but 
no photon is detected, then /ont > 1/2 can always be 
satisfied provided that Pa < I ^ Pb < ^ and pt < 1 for 
scenarios 1 and 2, respectively. 

If the conditions given in the above paragraph for un- 
watched channels are satisfied, one can only be sure that 
the operation is a quantum one with fidelity F > 2/3, 
however, cannot be sure about the security of the process, 
which requires F > 5/6 according to 1 ^ 2 cloning con- 
dition. Then solving Eq. (O for /ent to satisfy F > 5/6, 
we find that 



/ci 



> 



(14) 



must be satisfied for the fully entangled fraction. Impos- 
ing this condition on the shared entangled state between 
the two parties results in a much tighter condition on 
the channel damping rates, which can be summarized as 
follows 



/ont > T if 



p < 



scenario 1 
for pf,=pa^ p, 



Pb < Pa - 5 + 2^/3q^ scenario 1 (15) 

Pa < 2^/3 — 3 or vice versa for pt ^ Pa, 



Pb 



< 2\/3- 3 



scenario 2. 



2. Input Bell states 10^) 

In the scenario 1, when both qubits of \(f>^) are sent 
through the damping channels, the shared state between 
Alice and Bob for watched and unwatched channel are 
found as 



1$^ 



|00)a6±79^|ll)ah 



QaQb 



(16) 



and 



- [{l+qaqb)\<f^)abab{-i'^\ 
+qbPa\Oi) ab ab 

(01 1 +Pbqa\lO) ab ab 

(101 

+PaPfc|00)afca6(00|], (17) 



Pab 



respectively, where we have considered that no photon 
is detected in the environment for the watched channel 
case. From these equations, it is seen that a MES survives 
with a non-zero probability iff Pa ^ Pb = 0. 

When only one of the qubits (say again, Bob's qubit) 
of the MES is propagated through the ADC, the shared 
state between Alice and Bob is not maximally entangled 
unless Pb = for both watched and unwatched channels 
as can be seen in the following expressions given, respec- 
tively, for watched and unwatched channels 



\^^)ab 



1 



V2^ 



im ab±V^b\n)ab 



and 



(18) 



!]■ (19) 



Pab=2 [i^~Pb)\'^ )abab{^^\+Pb\lO)abab{lO 



Then the fully entangled fraction of the shared state, 
when the channel is not watched, is found as 



J ent 



:[PaPb + (1 + ^/qaqbf], 



which reduces to 

' 2(p2 - 2p + 2) scenario 1, 



± 

ent 



(1 



for Pa^Pb= P, 

scenario 2. 



(20) 



(21) 



It can easily be found from Eq. (|2ip that, the condition 
/ent > 1/2 is satisfied for any p in the range p < 1 when 
both channels have the same damping rates in scenario 1; 
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and for pb < 2{^/2— 1) in scenario 2. When the channels 
have different damping rates, we can write using Eq. ([^0]) 
that paPb + (1 + y/OaOb)^ > 2 Hiust be satisfied to beat the 
classical limit. Analytical solution for this is very lengthy 
to give here. Instead, to give an idea on the relation 
between pi, and Pa to satisfy the condition /cnt > 1/2, 
we give some numerical values: when pb = 1/2, pa < 
7/8 and when pb = 1/4, pa must satisfy Pa < (6-\/6 — 
13)/2 to beat the classical limit. As it has been pointed 
out by Bandyopadhyay @, scenario 1 can be made to 
have higher f^nt than scenario 2 such that /ent > 1/2 is 
satisfied. This, in turn, implies that for the state \4>^), 
one can let one of the qubits to undergo a controlled 
dissipation if the information on the dissipation of the 
other qubit in the other channel is available. 

Looking at the condition /ent > 3/4 for quantum tele- 
portation to surpass the no-cloning limit, we find the 
following constraints on the damping rates of the ADC: 



/ent > 7 if 



p <1 



V2 
2 



scenario 1 
for Pa=Pb= P, 



< Pa < 2V3 - 3 scenario 1 (22) 

Pb <g{pa) or vice versa for pa^pb, 



where g{x) 



Pa < 2V3 — 3 scenario 2, 

= (1 - 2x)-^[-3 + x{3 + 2x) + 



2^ (1 — a;)(2x^ — 6x + 3)]. Contrary to the above case, 
a controlled dissipation cannot increase /ent above 3/4. 



B. Phase Damping Channel 

A phase damping channel (PDC) affects an input state 
with the following transformations (20| 



|0)a|0). 
|l)a|0). 



V9|0>a|0), 
%/9|l>a|0). 



\^|0)a|l)e 
\^|l>a|2)e 



(23) 



In this channel, the energy of the information carrier is 
conserved (no losses to environment), however the state 
of the carrier is decohered. 



1. Input Bell states \Tp^) 
Bell states 1-0^) evolve into 

Pab = ^(l-'?a%)(|01)afca6(01| + |10)a6afc(10|) 

+ qaqb\^^)abab{^^\, (24) 



components of the density matrix vanish resulting in a 
mixed state. For a watched channel with no photon de- 
tected in the environment, there is a probability of QaQb 
that the state observed is 

On the other hand, when only one qubit is sent (sce- 
nario 2), the probability that the MES survives becomes 
Qb when the channel is watched. When the channel is 
not watched, then the output state, which is mixed and 
not a MES, can be found from Eq. ([24]) by substituting 

Pa=0. 

When the /^^ of the output state at the end of the 
unwatched channels are calculated it is seen that 



lent 



1 + QaQb 



scenario 1 

for Pa ^ Pb, 



p'^ ~2p + 2 scenario 1, 



(25) 



Pb 



for Pa=Pb= P, 



scenario 2. 



Then we find that f^^^. is always greater than 1/2 pro- 
vided that Pb ^ 1 A Pa ^ 1 and p 1 are satisfied for 
both scenarios. Moreover, we find scenario 1 cannot be 
made to have /^^ larger than scenario 2. 

The no-cloning limit imposes the following conditions 
on the allowable PDC rate: 



/ett > 7 if 



P < I 



V2 
2 



scenario 1 
for Pa=Pb = P, 



< < (1 - 2pa)/{2qa) scenario 1 (26) 
Pa < 1 /2 or vice versa for pa 7^ Pb, 

Pb < 1/2 scenario 2. 



2. Input Bell states \(f) ) 

When the input is then the state at the output 

of the channels becomes 

Pab = ^(1 - qaqb)m)ababm + 1 1 1) afc ab (1 1 1 ) 



■gagb|0 )abab{4>^ 



(27) 



for an unwatched channel for scenario 1. A comparison 
of this output state with Eq. (pljl reveals that the same 
discussions and the conditions on the channel damping 
properties are valid here, too. 



C. Depolarizing Channel 



when both qubits are sent through the unwatched chan- 
nel. For the limiting case, Pa = 1 Vpb = 1, off-diagonal 



When a qubit is sent through a depolarizing channel 
(DC), with a probability g = 1 — p it is intact, while with 
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probability p an error (bit flip error, phase flip error or 
both) occurs^. The transformation that characterizes this 
channel is [20] 



|0)a|0). 



|l)a|0). 



|0),|0), 

'I (|l)a|l)e+*|l)a|2)e + |0)a|3)e), 



^-||l>a|0). 



(28) 



)a\l)e-^\0)a\2)e-\l)a\i)c 



In the DC, any given state \ip) evolves to an ensemble 
of the four states \(p), ax\^), o'ylip) and az\<f) where ak 
is the Pauli operator, p — 1 corresponds to complete 
depolarization where each of the four states occur with 
equal probabilities. 

If the input state to the channel is Itp^) or both 
qubits are sent through the channel then with a probabil- 
ity of (4 — 3pa)(4 — 3pf,)/16, this state is conserved at the 
output of the channels if the channel is watched and no 
photon is detected. For an unwatched channel with an 
input |?7j'^2) = IV'^); 10^) for indices 1 and 2, respectively, 
the output state can be written as 



Pab 



1 - qaQb 



1 + 3ga9b 



\vt2){rit 



21' 



KiX^tii) 

(29) 



which becomes a mixture of Bell states with equal prob- 
ability 1 /4 when p = 1. The effect of this channel on the 
input state when only one of the qubits is sent through 
can be found simply by substituting pa = 0. Imposing 
the criteria fcnt > 1/2 and /o„t > 3/4 on the state at 
the output of the channel for both scenarios, we find the 
following ranges for damping rate of the DC 



/ctt > o if 



scenario 1 
for pi,=pa= p, 



Pa < 



2-3p6 
3qb 



Pb < 2/3 scenario 1 (30) 



Pb < 2/3 



for Pb ^ Pa, 

scenario 2 



and 



/cnt > T if 



p < 1 - \/6/3 scenario 1 

for Pa=Pb= P, 



Pa < 



l-3p6 

3qb 



Pb < 1/3 scenario 1 (31) 



Pb < 1/3 



for Pb^Pa, 

scenario 2. 



D. Concurrence and fully entangled fraction 

Fully entangled fraction /ent, given by ([U, can be re- 
garded as a measure of entanglement when the quantum 
channel is in a pure state and it is related to the Wootters 
concurrence C [2l[ through the relation /cnt = (l + C')/2. 
However, when the quantum channel is in a mixed state, 
/cnt can no longer be used as a measure of entanglement. 
This is due to the fact that entanglement cannot be in- 
creased by local quantum operations and classical com- 
munications, but the fully entangled fraction /cnt can be 
increased as shown by Bandyopadhyay @ and Badzi§,g 
et al. [Hi. 

In the following, we present the dependence of con- 
currence on the properties of the unwatched damping 
channels in both scenarios introduced previously and 
discuss the relation between /cnt and concurrence so 
that we can assure a quantum state transfer and a se- 
cure quantum teleportation. As defined by Wootters 
[2l| . concurrence of a mixed state g is given by C = 
max(0,Ai — A2 — A3 — A4), where {A^} are the square- 
roots of the eigenvalues, in decreasing order, of the non- 
Hermitian matrix gg with g = Uy ® ayg*ay ® dy, where 
Pauli matrices act on Alice and Bob qubit respectively 
and (*) stands for complex conjugation. 

For the ADC, we observe that, in the first scenario, 
the relations between the concurrence and the damping 
parameter are different for the initial entangled states 
and 10^). The concurrence of the shared state at the 
output of the channels for the input state IV'^) is given 
as C" = ^qaQb- And the concurrence for \(j)^) becomes 
C" = (1 — ^JPaPb)C' ■ When both channels have the same 
damping rate pa — Pb = P- It is seen that while C 
decreases linearly with p, C" decreases with p^. On the 
other hand, for scenario 2, both initial states show the 
same tendency, which is given as C = C" ~ 

In the cases of the PDC and DC, C = C = C" . For 
the PDC, concurrence is found as C = QaQb for the first 
scenario. The expression for the second scenario can be 
found by taking pa — and pb — p. Although the ex- 
pressions found for concurrence for the ADC and PDC 
are valid for all values of Pa and pb in the range of [0, 1], 
the expressions for concurrence in the case of the DC are 
valid only for a limited range of damping rates. For ex- 
ample, for the second scenario, concurrence is found as 
C = 1 — 3p/2 provided that p < 2/3, otherwise it is zero 
implying a separable state. For the first scenario when 
both DCs have the same damping rate, concurrence is 
given as C = 1 + 3p{p - 2) /2 when p < 1 - \/3/3, oth- 
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FIG. 2: Comparison of concurrence (solid curves) and fully 
entangled fraction (dashed curves) for the ADC, when the 
initial entangled state is IV'*) (i) and |(;/)^) (ii), as well as 
the PDC (iii) and the DC (iv) for scenarios 1 (curves a) and 
2 (curves b). Note that for the PDC and DC results are 
independent of initial entangled state. 



erwise C = 0. When the damping rates are different, we 
find that C = {SqaQb — l)/2 provided that pt, < 2/3 and 
Pa < 1 — l/{3qb) are satisfied simultaneously, otherwise 
C = 0. It is seen from Fig. [2] that fent is always < 1/2 for 
C = 0. And even a very small amount of entanglement 
shifts the process from classical to quantum regime. 



machine [T3|, given by F = 5/6. For the qubit states on 
the equator of the Bloch sphere {6 = tt/2), the optimal 
PCCM prepares clones with fidelity F'(tt/2) = \{2+^/2). 
On the other hand, when the states are close to the poles 
that is in the neighborhood of |1) or |0) in the Bloch 
sphere, i.e., for a fixed angle 5 = tt — IS.5 or 5 = + A(5 
with A(5 < 1, Eq. ^ simplifies to 



(33) 



F'{5) = i [5 + \/2 + 2cosA5- (V2- l)cos(2A(5) 
8 L 



In a teleportation process, measurement of Alice re- 
sults in four possible outcomes rrii where i = 0,1,2,3 
with mo = |00)(00|, mi = |01)(01|, ma = |10)(10|, and 
m3 = 1 11) (11 1 . Then the state at Bob's side conditioned 
on Alice's measurement can be written as p'{mi). In the 
standard teleportation protocol with shared MES, upon 
receiving the classical information i, Bob can make the 
appropriate unitary operations on his qubit p'{mi) to ob- 
tain the teleported state pout = Pin- We discuss how the 
measurement result affects this process in the presence 
of noise. 

Since the entanglement distribution channel is noisy, 
the state at the output of teleportation process given 
in Eq. Q can be rewritten as pout = Tri„_a[t^tci/5in ® 
Pcnfite\\ where pl^^ is the noisy entangled state. We can 
say that the fidelity is a function of (5, 7 and the noise 
introduced into the system, and we can represent it as 
F((5, 7) = F{\%l]i^)). We observe that 7) is indepen- 
dent of 7, as denoted by F{5) = F{S,-f). 



III. RANGE OF QUBITS FOR ACCURATE 
TELEPORTATION 



A. Amplitude damping channel 



In this section, we analyze the effect of the noise in 
the system on the range of qubits that can be teleported 
with a desired fidelity value. In order to show how the a 
priori information on the ensemble from which pin is pre- 
pared affects the fidelity criterion on secure teleportation, 
we will consider an optimal one-to-two phase-covariant 
cloning machine (PCCM) [l^, in comparison with 
the universal cloning machine. We will assume that the 
states to be teleported are chosen from the whole set of 
qubit states with a fixed and specified polar angle S in 
the Bloch sphere. An eavesdropper, who knows 6, can use 
the optimal (one-to-two) PCCM for which the cloning fi- 
delity is given by [Hill]: 



1 r 



s^ + — sin^ S (32) 



- 5 + \/2 + 2cos(5 + k) - (\/2- l)cos(2(5) , 



where k = [[26/t:]], i.e., K = OforO<(5<-| and k = 1 
for f < J < TT. Note that fidehty F'{S) for any S is 
greater than the fidelity of the optimal universal cloning 



1. Input Bell states lip ) 

For the ADC, in scenario 1, let us assume that pb ~ 
Pa = p and Alice made a measurement, obtained the out- 
come mi and then sent the classical information fc = 1 to 
Bob. The output density operator conditioned on mi be- 
comes p' {mi ) = N[qpi^ + 2psm^{5/2)\Q){{)\] with being 
the renormalization constant defined as N^^ = l—pcos5 
and Pin is the density operator of the state to be tele- 
ported. Bob cannot rotate this p'(mi) to the desired 
state without the prior knowledge of 5 and 7. Since 
is supposed to be unknown, standard teleportation 
protocol fails to reproduce the desired state at Bob's 
side. This conclusion is valid for all m^. Interestingly, 
output state at Bob's side can be grouped into two as 
Xo = {/5'(mo),p'(m2)} and xi = {/5'("t.i), ^'(ma)}. Al- 
though the output states in one of these groups can be 
rotated into each other by using a Z-gate or first X then 
Z-gate, states belonging to different groups cannot be 
rotated to each other. This problem is caused by the 
ADC, which reduces the degree of entanglement and 
introduces the additional terms 2pcos^(5/2)|0)(0| and 
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2psin^((5/2)|0)(0|, respectively, for xo and xi- We ob- 
served that for teleportation in the presence of this ADC, 
if Ahce's measurement yields mi, Bob does not need 
to do anything. For other measurement results mo,r7i2 
and 7713, Bob should apply ax, <Ty and ct^, respectively. 
In this way, he rotates his qubit into the output state 
Pout(mfe) = Nk[qpin + p{l + i-l)'' cos S)\k ® l){k (B 1\] 
with Nk being the renormalization constant defined as 
Nj^^ = 1 + (— l)'^pcoS(5 and © stands for addition mod- 
ulo 2. Then the state-dependent fidelity becomes 



p {1 + {-!)'' cos 6)^ 
2(1 + (-l)'=pcos(5) 



(34) 



When p 1, the limiting values 
,3(5) = cos2(<y/2) and F,„„,(<5) = 



where fc = 0, 1, 2, 3. 
are calculated as F„ 
sm\S/2). 

For p < 1/11 and p < 1/5, all states can be teleported, 
respectively, with F > 5/6 and F > 2/3, independent 
of Alice's measurement result. For the equatorial qubits 
S = 7r/2, we find that as far asp < 1—^/2/2, teleportation 
fidelity will surpass that of the PCCM regardless of the 
measurement outcome. On the other hand, if the qubits 
are chosen at the neighborhood of |1), then for even k 
the channel damping rate should be bounded as < p < 
0.162. 

Although state-dependent teleportation fidelity is 
mainly determined by Alice's measurement result, the 
average fidelity calculated using Eq. ^ is the same for 
all measurement results and given as 




state angle 6 



State angle 5 



FIG. 3: Optimal state-dependent fidelity in the presence of 
the ADC when the initial MES is \i>^) (left) and \4>^) (right) 
and both qubits are affected by damping. Contours corre- 
spond to F = 2/3, F = 5/6 and the optimal PCCM fidelities 
when Alice's measurement result is |01)(01| or |11)(11|, solid 
curves, and when Alice's measurement result is |10)(10| or 
|00)(00|, dotted curves. 




State angle 5 



FIG. 4: Same as in Fig. [3] (left) for IV"*) but for the case when 
only one of the qubits is afi'ected by the ADC. For \4>^), the 
meaning of curves is reversed. 



1 

4p2 



In 



1+p 



(35) 



which takes the minimum and maximum values of 1/2 
and 1 for p = I and p — 0, respectively. 

For the second scenario, the output density opera- 
tor elements Ponti'^^k) are found in terms of the input 



density operator elements p[;j'^ as follows: Pout''("^fe) 



JOO) 



-(l-(-l)'=)p/2,pi°V(777,) = Vgp|f , 



Pout (™fcj 



QPi, 

v/gpL^*'^ and pi'^^nik) = + (1 + (-1)'=W2. When 

Alice measures 777^ and applies the appropriate unitary 
transformation to get the highest fidelity for the process, 
i.e., when Bob receives the information that fc = 3 or 
fc = 1 for 1-0+) and |^") respectively, he can use a Z-gate 
to rotate the state on his side to obtain the above state. 
Then state-dependent fidelity can be found as 

Fm,{6) = l-ib(l + (-l)'=cos5)~x], (36) 

where x — {^Jq — q) siv? 5. In the limit of p ^ 1, we get 
the same functions as those obtained from Eq. ([34]) . 

It is clearly seen from above results that the range of 
qubits that can be teleported correctly depends not only 
on the strength of the ADC but also on the measurement 
result of Alice. 



Results imply that some of the states can be teleported 
with much better fidelity than others depending on 777^:. 
This enables Alice and Bob, in a communication proto- 
col, to decide to choose their qubits randomly from a 
range of states with higher fidelity when a certain mea- 
surement result, say {7770,7772}, is obtained. As seen in 
Figs. [3]and|4l some states give better fidelity than others 
depending on 777fc. In the figure we have shaded regions 
where all the states can be teleported with F > 5/6 re- 
gardless of Alice's outcome. Note that the states with 
5 — 7r/2=pA can tolerate much higher damping rates than 
the ones located around the poles of the Bloch sphere. It 
is also seen that in Scenario 1 it is advantageous to ro- 
tate the initial entangled state into 1 0) because it is more 
immune to the ADC and therefore provides a larger pa- 
rameter space for F > 5/6 teleportation. 

Let us assume that qubits chosen from a range defined 
by A have higher fidelity when Alice measures {ttiq, 7772}, 
on the other hand qubits chosen from A have higher fi- 
delity when Alice measures {ttii, 7773}. Then in a telepor- 
tation protocol, Alice first mixes her state chosen from A 
with her part of the entangled state and makes a measure- 
ment, when she obtains {7770,7772}, she sends the other 
qubit of entangled state to Bob together with the classi- 
cal information, then Bob applies unitary transformation 
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to get the desired state. When she gets {1711,1713}, either 
she sends nothing or a dummy state. In this way, they 
can increase the fidehty of the process. If they decide 
to abort the protocol whenever Alice measures {mi, 7713} 
then the efhciency of the process is low. 

If Alice and Bob decide to keep all measurement results 
then the fidelity of the process can be written as 



F{S) 



Pm^ Fnik — Q 2 

k=0 



(37) 



where x is defined as in Eq. ([36]) , is the fidelity of the 
output state to the teleported state when Alice obtains 
TOfc, and Pruk is the probability of obtaining this result. 
Moreover, if they do that for any {5, 7) , they end up with 
F = 2/3+{2y/q-p) /6. From Eq. it can be seen that 
for a fixed p of the channel, if the state to be teleported 
is chosen such that S < 7r/2, then the set {toi, 7713} gives 
higher teleportation fidelity for that state; otherwise, the 
set {7770,7)7.2} yields higher fidelity. Let us assume that 
Alice randomly chooses a state to be teleported from the 
upper hemisphere of the Bloch sphere, {6 < 7r/2), there- 
fore, their preferred measurement set is {7771,7773}, which 
occurs with a probability of 1/2. When the measure- 
ment result is {7/7,0,7772}, she sends nothing according to 
the protocol described above. In this way, the fidelity of 
the process increases to F{6) = F^i {S) = F^^ {S) and the 
average fidelity becomes F = 2/3 -I- (4^^ -I- p)/12. 

In the same way, if entangled state is distributed by 
a third party and both qubits undergo damping, Alice 
proceeds as explained above. If Alice and Bob decide 
to keep all measurement results then the fidelity of the 
process becomes 



Fid) = = 

fc=0 



2-p(l-Hcos2 S) 

2(1 -p2cos2 5) ' 



(38) 



where i^m^, is the fidelity of the output state to the tele- 
ported state when Alice obtains 777^, and Pm^ is the prob- 
ability of obtaining this result. Moreover, if they do that 
for any (5,7), they end up with F = -^[2p + q^ln{j^)]. 
From Eq. (p4)) . it can be seen that for a fixed p of the 
channel, if the state to be teleported is chosen such that 
6 > ■jt/2, then the set {7710, 70-2} gives higher fidelity; oth- 
erwise, the set {7711,7773} does. Let us assume that Alice 
randomly chooses the state to be teleported from the 
lower hemisphere of the Bloch sphere, {S > tt/2), there- 
fore, their preferred measurement set is {mo,7n2}- 



2. Input states 10 ) 

The output density operators for Alice's outcomes 
"T-fc=o,i 2,3 can be written as 



Poutimk) = N[qp,.r,+p{l + {-l)'"pcosd)a^\0) 
+ (-l)Vgcos5<T^-|l)(l|a^] 



with N -'^ = 1 -I- (— l)'^^ cos 6 from which the state depen- 
dent fidelity is derived as 

^ ' 4(l + (-l)*^pcos(5) ^ ' 

with the limiting values of Fmo2{^) = cos^ (5/2) and 
Fmi^siS) — sin^ (<^/2) for p approaching 1. It is easy to 
see that as p approaches 0, i^mt (S) — > 1. For p < 1/6, 
all states can be teleported with F > 5/6 regardless of 
the outcome. Average values of teleportation fidelity for 
these two cases are the same as given in Eq. ([35)) . 

For the second scenario, contrary to the first scenario, 
the output state that Bob gets after the proper applica- 
tion of the quantum gates, and its fidelity to the desired 
state is the same as that of the case when initial MES 
is It/;). When only one of the qubits of the MES goes 
through the ADC, distributing cither or \<j)) does not 
give any advantage to the parties. 



B. Phase damping channel 



When the channel is the PDC, given by ([231) . only the 
off-diagonal elements are affected by the damping. The 
fidelity of the teleportation process when the initial MES 
is subjected to the PDC is independent of Alice's mea- 
surement result, because, contrary to the ADC case, Bob 
can use X and Z gates to rotate all the possible outcomes 
to each other and to the state with the highest fidelity to 
the input one. The elements of the density matrix can be 

(00) (01) _ 2 (01) (10) _ 2 (10) 
Pin ' Pout — y Pin ' Pout " Pin 

Pin ' ^'^^ ^^^^ scenario. In case of the sec- 
ond scenario, the elements of the density matrix are the 
same as above with q^ replaced by q. Then the fidelity 
of the teleportation process for scenario 1 can be written 
as 



written as Pou'J'' 



and 



(11) 



FiS) = l-^pi2^p)sm^S, 
F = l-^p{2~p), 



(41) 



and for scenario 2 as 



F{5) = l--psm^S, 



F 



(42) 



(39) 



The effect of the PDC on the teleportation fidelity is the 
same for both initial MES \(j>) and \tp). The qubit states 
with S — and 6 = ir which are located at the poles of the 
Bloch sphere are always teleported with F = 1. Because 
these states correspond to |0) and |1), which do not carry 
relative phase information and hence are not affected by 
the PDC. Indeed, these results show that if Alice chooses 
the states to be teleported around the poles then they can 
have a better teleportation fidelity (see Fig. (5]) . On the 
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other hand, states with S = tt/2, which correspond to all 
the states lying on the equator of the Bloch sphere, are 
the most affected states. 

If Eve does not have the information on the region from 
which the qubits are chosen, then the best she can do is 
to use the optimal universal quantum cloning machine 
of Buzek et al. [isj . Then we find that any qubit 
state satisfying siv? 5 < l/3p{2 — p) and sin^ 5 < l/3p, 
respectively for the first and second scenarios, can be 
teleported in the presence of PDC with higher fidelity 
than that of the cloning machine of the eavesdropper. 
It is apparent that if there is no eavesdropper and that 
parties just want to beat the classical limit, the range of 
qubits at a fixed p is much larger. 

Now, let us assume that the states to be teleported are 
chosen with fixed S but varying 7, and the information on 
6 may be leaked to an eavesdropper. Since the eavesdrop- 
per may use the optimal PCCM, to speak about a secure 
teleportation its fidelity should exceed the PCCM fidelity 
given in Eq. . Comparing Eq. ([55]) with state depen- 
dent teleportation fidelities for PDC given in Eqs. I4l1and 
l42l we find cos5 < -1-hl/a;' where = V2-l + 2p{2~p) 
and cos 6 > 1 — 1 jx" where x" — \f2~ 1 -I- 2p, respectively 
for scenarios 1 and 2. If ^ is chosen in the neighborhood 
of |1), the damping rate of the channel should satisfy 

<p < (3-2^/2)/4 and < p < 1- {y/l^PU%l2, re- 
spectively for the first and second scenarios. On the other 
hand, if the states to be teleported are chosen from the 
equatorial qubit states, the damping rate of the channel 
should satisfy p<l- 1/2^/-^ and p < 1 - 1/^2, respec- 
tively, for the first and second scenarios. These require- 
ments are obviously stricter than those for the universal 
CM. We see in Fig. [5]that while for the universal cloning 
machine the constraint on p relaxes as we approach to 
the poles of the Bloch sphere, for the PCCM it becomes 
tighter. This is because as we approach the poles, the 
fidelity of the clones from the PCCM gets closer to one 
requiring a PDC with damping rates approaching to zero. 



C. Depolarizing channel 
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FIG. 5: State-dependent fidelity in the presence of the PDC 
when the initial MES is any of the Bell states and only one 
of the qubits (dashed curves) and both qubits (solid curves) 
are affected by damping. Contours show F — 2/3, F — 5/6 
and the optimal PCCM fidelities. Horizontal dashed lines 
correspond to the values of damping rate for /ent =3/4 for 
scenarios 1 (lower) and 2 (upper). 



from which we see that fidelity is independent of IV'in)- 
For DC too, contrary (similar) to the ADC (PDC), 
Bob can use quantum gates to rotate all possible out- 
comes to each other. Therefore, the fidelity is inde- 
pendent of the input state, of Alice's measurement re- 
sult, and of the initially distributed MES The parties 
in the protocol can choose their qubits from the whole 
Bloch sphere and an eavesdropper may use a univer- 
sal quantum cloning machine, in that case the damp- 
ing rates of the channels should satisfy p < 1 — \/6/3 
and p < 1/3 to surpass the no-cloning limit. In case of 
an eavesdropper with the PCCM, the relation between 
the qubits states that can be teleported securely and 
the damping rate of the channel becomes cos (5 < — (1 + 
V2) (-1 + [1 + 4(V2 - l){xx ~ 1)] V2) /2 and cos (5 < 
(-1 + [17 - I2V2 + 8p{V2 - l)]i/2) /(2V2 - 2) for the 
first and second scenarios. 



When the channel is the DC, the elements of the 
density matrix can be written as pf^^ — xpl^"'' + /iX, 

Pout = ^Pin^\ Pont = CPitl°^ and = xpI"^ + MX for 
the first scenario, where we have used fj, = {1 — q)/2 and 
X = (1 -)- g) and i — q^- In case of the second scenario, 
the elements of the density matrix are the same as above 
with X = 1 and £, = q. Then the fidelity of the telepor- 
tation process for the first and second scenarios can be 
written, respectively, as 

Fi5)=F=l + ^q^ (43) 
m =F^^ + ^q (44) 



D. Direct transmission: Noisy state -|- shared MES 

For Bob to whom Alice wants to teleport the unknown 
state \ipin), it is difficult to distinguish whether the IV'in) 
is a noisy state or the quantum channel is responsible for 
the noise. The state to be teleported might be subjected 
to noise, loose its coherence and becomes a mixed state 
before it is teleported. 

Let us assume that Alice and Bob share a MES, which 
they have obtained using entanglement distillation and 
purification protocols. In this section, we assume that 
the qubit is influenced by the ADC, PDC and DC, and 
discuss the outcome of the teleportation process. We 
assume that only the qubit to be teleported is subjected 
to noise and the shared entangled state is any of the 
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Bell states. Indeed, this is similar to direct transmission 
scheme where the original state IV'in) is sent directly to 
Bob through noisy channel. 

If \tpin) is subjected only to the ADC, the elements of 

the output density matrix become Po^t^ = Pi™"* +p pla^\ 
Joi) _ „(oi) (10) _ (10) , (11) _ (11) 

Pout — VI Pin > Pout — V9 Pin ^^"^ Pout — 9 Pin 

where pj^'^ are the elements of the density matrix of | V'in) ■ 
Then fidelity is found as 

F{S) = 1 - i[2psin2(5/2) ^iVq-q) sin^ 5]. (45) 

Averaging this over all possible input states, average fi- 
delity is found as 

F=^ + ^{2Vq-p), (46) 

which is the same as for scenario 2, when the entangled 
state is distributed through the ADC. We see that de- 
pending on the damping parameter, the range of qubits 
that can be teleported with a desired fidelity changes 
(see Fig. |6]). For example when p = 0.8, when only 
l^in) is subjected to noise, the states with S < 0.54367r 
and 6 < 0.402l7r can be teleported, respectively, with 
F > 2/3 and F > 5/6. For the lipin) damped case, all 
the states satisfying 6 < 0.26 777r can be teleported with 
F > 5/6. In Fig. [51 we have depicted the fidelity of the 
PCCM from which we see that when p = 1/2, the tele- 
portation fidelity and the PCCM fidelity are equal for 
the qubits < 6 < 7r/2. In this range of qubits, a secure 
teleportation is possible for damping rates p < 1/2. As 6 
approaches to tt, the damping rate p approaches to zero 
to achieve secure teleportation. 




II/4 It/2 3li;4 7t 
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FIG. 6: State dependent teleportation fidelity when the qubit 
to be teleported is subjected to the ADC, a,, p = 0.2, b, 
p = 0.5, and c, p = 0.9. Horizontal dotted lines denote the 
limits between classical and quantum operations (lower) , and 
the secure quantum teleportation (upper). The curve marked 
with circles corresponds to the optimal PCCM fidelity. 

When the qubit is subjected only to the PDC, 
the output density operator becomes Pout = QPin + 
p[cos2(5/2)|0)(0| -|-sin2(,5/2)|l)(l|], resulting in a fidelity 
F = 1 — psin^((5/2) from which average fidelity can be 




Damping parameter p Damping parameter p 



FIG. 7: Average fidelity with noisy channels: a, PDC, b, 
ADC, and c, DC for scenarios 1 (left) and 2 (right). Hor- 
izontal dashed lines denote the limits between classical and 
quantum operations (lower), and the secure quantum tele- 
portation (upper). 

written as F = I — p/3. Comparing these equations with 
Eq. (|42|) . it is seen that when the PDC affects only the 
qubit to be teleported, the fidelity is the same as in sce- 
nario 2 when the distributed entangled states undergo the 
PDC. We observe the same similarity if only the qubit 
\ipin) is subjected to DC. In this case the fidelity expres- 
sion is given as in Eq. (UH). 

In the analysis of security of a damping particular 
channel, the fidelities of optimal cloning machines were 
taken as a reference: either (i) the optimal universal 
cloning machine if no a priori information about a tele- 
ported state is given or (ii) the optimal phase-covariant 
cloning machine if prior partial information about the 
state is available. Clearly, a channel is secure if it pro- 
vides a better fidelity than the optimal cloning. This is 
the lowest fidelity bound for security of any channel as- 
suming that Alice sends her qubit through a damping 
channel, while an eavesdropper copies qubit at Alice's 
site and does not send it (or sends it through a perfect 
channel). Otherwise, the action of the channel will re- 
strict the quality of the cloning consistent with the chan- 
nel and, thus, less demanding security conditions can be 
given. 



IV. CONCLUSION 

We have examined the problem of teleportation fidelity 
in the presence of various types of noise during the entan- 
glement distribution of the teleportation process. Using 
the fully entangled fraction and concurrence, we derived 
the bounds on the damping parameters of channels so 
that the average fidelity (i) exceeds the classical limit, 
and (ii) satisfy the security condition for teleportation. 
Moreover, we derived the range of states that can be 
teleported accurately with a desired fidelity value and 
studied how this range is affected by noise. For the se- 
curity condition, we considered eavesdroppers with uni- 
versal and phase-covariant cloning machines where the 
first eavesdropper has no information on the qubit to be 
teleported but in the latter he/she knows the S but not 
the relative phase 7. 
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For the ADC, although the bounds on p for one-qubit 
affected case are the same for both and |(/)^) as the 
source entangled state, for the two-qubit affected case we 
find that the bounds are different and much tighter for 
IV'*). This implies that if one is given IV'*), instead of 
distributing this state directly, it is better to first locally 
convert to and distribute it. In that case the effect 
of damping is less pronounced. We observe that only for 
the ADC these bounds change with the initial MES to be 
distributed. We have found that contrary to the case of 
the ADC, in the presence of the PDC and DC, two-qubit 
affected case cannot be made to have higher entangled 
fraction than the one-qubit affected case. Hence, the 
average fidelity cannot be increased by subjecting one of 
the qubits to controlled dissipation. As seen in Fig. [71 
average fidelity is dependent on the type and strength of 
damping in the channel. For the PDC, fidelity is always 
larger than 2/3 if p 7^ 1, on the other hand for the ADC 
and DC average fidelity decreases below 2/3 down to 1/2 
depending on the damping rate. 

We have discussed the direct transmission case, too. 
We observe that the results obtained for direct transmis- 
sion and teleportation with one-qubit affected entangle- 
ment distribution case (scenario two), are the same in 



the cases of the DC and PDC. However, discrepancies 
are seen for the case of the ADC. Average fidelity for 
scenario 2 is more immune to damping than the direct 
transmission. 

This study shows that information on the noise affect- 
ing the teleportation process during the phases of entan- 
glement distribution and the qubit preparation can be 
helpful in increasing the fidelity. Moreover, it is impor- 
tant to note that if the source of noise in the process 
is not known then all should be attributed to an eaves- 
dropper. Thus, the criterion on the teleportation fidelity 
should be re-formulated taking into account the set of 
states from where to be teleported state is chosen and 
the optimal cloning machine for that set. 
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